tolerance in both target and non-target species (Brausch & Smith, 2009; Gilliom, 2007; Stone, Gilliom, & Ryberg, 2014) . Traditionally, tolerance to pesticides is predicted to arise over many generations via natural selection on constitutive traits resulting in organisms with high baseline tolerance to pesticides (Berg et al., 2010; Hoffmann & Sgrò, 2011; Lawrence et al., 2012) . However, evidence suggests that phenotypic plasticity, defined as the capacity of a single genotype to produce different phenotypes in different environments, may be an alternative mechanism for organisms to more rapidly achieve tolerance to pesticides (Hua et al., 2015; Hua, Morehouse, & Relyea, 2013; Pigliucci, 2001; Schlichting, 2008; West-Eberhard, 2003) . Indeed, recent research demonstrated that some organisms reared in sublethal pesticide environments early in life can, within days, induce higher tolerance to pesticides via phenotypic plasticity (Hua et al., 2015; . The ability to rapidly induce tolerance may play a significant role in the persistence of aquatic organisms exposed to pesticides as many taxa are confined to the boundaries of the aquatic environment and cannot disperse to avoid exposure to contaminants (Moe et al., 2013) . However, to date, the phenomenon of inducible tolerance to pesticides is known to occur only in 4 species: wood frogs, gray tree frogs, gulf killifish, and yellowfever mosquitos (Hua et al., 2015; Oziolor, Howard, Lavado, & Matson, 2017; Poupardin et al., 2008) . Given the ubiquitous nature of pesticide contamination in freshwater ecosystems, considering both constitutive and inducible mechanisms for tolerance is critical to developing a better understanding of whether and how natural communities will respond to contaminants (Stone et al., 2014) .
Aquatic systems are complex and are affected by a variety of factors that may influence the mechanism by which organisms respond to pesticides (Barry, Logan, Ahokas, & Holdway, 1995; Pieters, Jager, Kraak, & Admiraal, 2006) . For example, aquatic systems experience naturally occurring seasonal changes in nutrient inputs as well as rapid increases in nutrient concentrations due to anthropogenic activities (i.e., cultural eutrophication; Rissman & Carpenter, 2015) . While rapid increases in nutrients can contribute to a number of water-quality problems (e.g., anoxia, loss of biodiversity, cyanobacterial blooms), these nutrients can also facilitate the abundance of primary producers which can positively affect primary consumers (Baker et al., 2016; Boone & James, 2003; Relyea & Diecks, 2008) . Theory suggests that pesticide tolerance of aquatic invertebrates should increase under conditions of nutrient saturation, as organisms have more resources to allocate toward detoxifying environmental contaminants (Jager, Crommentuijn, Gestel, & Kooijman, 2004; Liess, Foit, Knillmann, Schäfer, & Liess, 2016; Pieters et al., 2006) . However, despite these theoretical predictions, as well as the common cooccurrence of pesticide contamination and nutrient enrichment in natural systems, empirical studies investigating how nutrient variability influences pesticide tolerance in non-target organisms are limited.
Daphnia pulex, a common zooplankton species, are useful models for investigating the influence of resource availability on tolerance to pesticides. Daphnia pulex are widespread throughout the globe and can inhabit ponds or wetlands located near agricultural activities (Bendis & Relyea, 2014; Declerck et al., 2006) . Given their high sensitivities to most chemicals and rapid generation time, D. pulex are commonly used in ecotoxicological tests to assess chemical risk in aquatic systems (Newman, 2010) . Further, resource levels can be manipulated in the laboratory by varying the algal cell density fed to D. pulex (Barry et al., 1995; Sterner, Hagemeier, Smith, & Smith, 1993) . Additionally, D. pulex have been used extensively to examine phenotypic plasticity to other stressors, such as predation, which provides a solid foundation for exploring questions related to plasticity to pesticides (Petrusek, Tollrian, Schwenk, Haas, & Laforsch, 2009; Rozenberg et al., 2015; Scheiner & Berrigan, 1998; Tollrian, 1993) .
Therefore, using D. pulex as our model, we investigated the effects of low and high levels of resources (i.e., algal cell density of 
| MATERIAL S AND ME THODS

| Insecticide background
The insecticide carbaryl (Sevin© 22.5% active ingredient; CAS 63-25-2) is an acetylcholine esterase (AChE) inhibiting carbamate insecticide that is used for both home and commercial agriculture application within the United States (Grube et al., 2011) . The half-life of carbaryl is 10 days at a pH of 7, and the maximum concentration detected in aquatic systems is 33.5 µg/L (U.S. EPA, 2012). Similar to other pesticides, carbaryl is able to enter ponds through aerial drift or runoff (Gilliom, 2007) . Furthermore, carbaryl has previously been shown to decrease total available energy (i.e., energy associated with respiration, reproduction, and growth) by 26% in Daphnia magna (Jeon, Kretschmann, Escher, & Hollender, 2013) .
| Algal husbandry
We cultured Scenedesmus acutus using COMBO water, a medium that supports algal growth (Kilham, Kreeger, Lynn, Goulden, & Herrera, 1998) . We autoclaved two, 2-L glass Erlenmeyer flasks each with 1.2 L of COMBO water and 1.2 ml of algal trace elements (ATE) to sterilize the medium and equipment prior to culturing. We then flooded a petri dish containing S. acutus cultures (Jeyasingh Lab in Oklahoma State University) with 5 ml of sterilized COMBO water and added 2.5 ml aliquots of the solution into each of the 2-L Erlenmeyer flasks. We sealed each flask with a rubber stopper and bubbled air into the mixture using sterilized air stones. We allowed algae to grow for 10 days at 25°C on a 12:12 light-dark cycle in a biosafety cabinet. After the 10 days of growth, the bubbled air supply was shut off, and the algae were allowed to settle for 24 hr. After 24 hr, the excess COMBO water was decanted from the flasks, and the remaining concentrated algae was placed in a sterile 1-L glass jar and stored at 4°C.
| Daphnia husbandry
Past studies have shown that pesticide tolerance in D. pulex can vary depending on the population's historical exposure to pesticides (Bendis & Relyea, 2014; Jansen, Coors, Stoks, & Meester, 2011; Jansen, De Meester, Cielen, Buser, & Stoks, 2011) . As such, we purchased D. pulex from Carolina Biological Supply company's lab stock instead of collecting D. pulex from wild populations to reduce the likelihood that D. pulex used in the experiment were previously exposed to pesticides. Because our experiment aimed to investigate the interaction between herbivore and algae, we conducted all D. pulex husbandry and experiments using a COMBO medium that could simultaneously support both the herbivore and algae (Kilham et al., 1998) . To obtain animals for the experiments, we haphazardly 
| Experimental setup
| Part 1-early environment
We filled 50 ml beakers with 45 ml of the four treatment solutions (0 µg/L carbaryl + low resources, 0.05 µg/L carbaryl + low resources, 0 µg/L carbaryl + high resources, 0.05 µg/L carbaryl + high resources; Figure 1 ). To create these four treatment solutions, we first created two low and two high resource solutions in 1-L glass jars filled with 800 ml of the treatment solution. The low and high resource solutions contained on average (±standard error) 1,375 ± 396 algal cells/ml and 12,700 ± 550 algal cells/ml, respectively. The algal concentration for the low and high resource treatments were measured by taking five samples from each treatment and counting the number of cells in each sample using a hemocytometer (Sterner, 1993; Sterner et al., 1993) .
Next, to create the sublethal carbaryl treatments, we first pre- 
| Part 2-Time to death (TTD) assay
After 5 days in the early environmental condition treatments, we 
| Insecticide testing
To confirm the concentrations of carbaryl used in this study, we 14 µg/L (reporting limit = 0.02 µg/L). We note that the actual concentration of the lethal treatment detected was 52% lower than expected. Despite this lower actual concentration, the design of the experiment was not affected. All animals assigned to the Phase 2 lethal treatment were still exposed to identical lethal conditions (7.14 µg/L of carbaryl) for the TTD assay. Furthermore, studies have found concentrations below 7 µg/L carbaryl to be acutely toxic to D. pulex (Eignor, 2012) . For consistency, we will refer to the concentrations for the remainder of the paper as either sublethal or lethal. Finally, no pesticides were detected in the control sample.
| Statistical analysis
Using an ANOVA, we found no effect of resource ( Pyke & Thompson, 1986; Hoverman, Gray, & Miller, 2010) . To address our three questions, we focused on three pairwise comparisons. First, to address whether resource availability affects the baseline tolerance of D. pulex to pesticides, we compared survival curves of D. pulex from the high versus low resource treatments that were not previously exposed to pesticides.
Next, to determine whether D. pulex are able to induce tolerance to pesticides, we compared survival curves of individuals not exposed F I G U R E 2 Survival curves of D. pulex in low and high resource treatments that were exposed to no carbaryl (0 µg/L) or a sublethal concentration of carbaryl (0.05 µg/L) early in life. Survival curves with different letters represent curves that significantly differ (p < 0.05) to carbaryl early in life with individuals that were exposed to the sublethal dose of carbaryl for D. pulex reared in the low resource treatment and then for those reared in the high resource treatment.
We also examined the effects of early pesticide exposure, resource treatment, and their interaction on the average time to death of D. pulex, using a generalized linear model (GENLIN SPSS 21) with a Poisson distribution and an identity function. For all significant interactions, we conducted planned contrasts (Sequential Bonferroni) to investigate the drivers of the interaction (EMMEANS SPSS 21).
Because the result of the GLM analysis on average TTD was similar to the survival analysis comparing survival curves, we only report the results of the survival analysis. We report the survival analysis results because the survival curves provide more detailed information about when individuals experienced mortality relative to other individuals compared to the GLM analysis on average TTD, which only provides information about mortality at a particular snapshot in time (72 hr). The results of the GLM are reported in the Supporting Information.
| RE SULTS
We found a significant overall effect of the treatments on the survival curves of D. pulex (G = 8.8, p = 0.032; Figure 2 ). To address our first question of whether resource availability influences baseline tolerance to pesticides, we compared the survival curves of D. pulex raised in the high resource versus low resource treatments that were not previously exposed to carbaryl. We found that D. pulex raised in high resources and not exposed to carbaryl had higher baseline tolerance than individuals raised in low resources (p = 0.008; Figure 2 ).
To determine whether D. pulex can induce increased tolerance to pesticides and whether resource availability influences the ability to induce tolerance, we compared the survival curves of individuals exposed to no carbaryl early in life versus individuals exposed to sublethal carbaryl within each resource treatment. We found that only D. pulex from the low resource treatment that were exposed to a sublethal dose early in life were significantly more tolerant to a lethal concentration of carbaryl later in life than individuals not exposed to carbaryl early in life (p = 0.016; Figure 2 ). In contrast, for D. pulex in the high resource treatment, we found no evidence of induced tolerance as survival curves of individuals exposed to a sublethal dose early in life did not differ compared to individuals that were not exposed to carbaryl (p = 0.933; Figure 2 ). Finally, we observed 100% 
| D ISCUSS I ON
Understanding whether and how organisms respond to rapidly changing environments initiated by anthropogenic activities will become increasingly important as human populations continue to grow. In this study, we found that a single clone (genotype) of labora- . Similarly, in mosquitoes, individuals with resistant phenotypes that were fed multiple times, remained tolerant to insecticides across time whereas those that were fed once lost insecticide tolerance across time (Oliver & Brooke, 2014) . The specific mechanisms allowing D. pulex to tolerate carbaryl are beyond the scope of our study, but previous work has
shown that an upregulation of AChE is one mechanism allowing for Daphnia to overcome the toxic effects of carbaryl (Barata, Solayan, & Porte, 2004) . While synthesizing new AChE may allow individuals to persist when exposed to carbaryl, upregulating the production of AChE is energetically costly (Jeon et al., 2013) . Thus, it is possible that in our study, access to high resources may be allowing D. pulex to overcome the energetic costs associated with detoxification, thereby buffering individuals from the toxic effects of carbaryl.
For organisms without high baseline tolerance, phenotypic plasticity may be an alternative mechanism to rapidly respond to contaminants in the environment (Benson & Birge, 1985) . We found that D. pulex in the low resource environments were able to induce carbaryl tolerance following exposure to low concentrations of the pesticide early in life. Notably, D. pulex from low resource environments were able to induce tolerances that matched tolerances of animals reared in high resource environments (Supporting Information). Daphnia are well known for their ability to induce adaptive phenotypes in response to changing environmental conditions (i.e., predator-induced defenses; Petrusek et al., 2009) and have also been shown to respond plastically to heavy metals (e.g., cadmium; Stuhlbacher, Bradley, Naylor, & Calow, 1992) .
However, this is the first study to show that Daphnia plasticity also extends to pesticides. While the mechanism allowing D. pulex to induce carbaryl tolerance is not yet known, in wood frogs, individuals that induced tolerance had higher levels of AChE (Hua et al., 2013) . In killifish, individuals with inducible tolerance had increased activity of cytochrome P450 1A (CYP1A), which increased the ability to metabolize carbaryl (Oziolor et al., 2017) . Therefore, early exposure to sublethal carbaryl may have induced D. pulex to upregulate and accumulate AChE protecting them from later exposures (Hua et al., 2013) . Alternatively, D. pulex may have induced increased cytochrome P450-mediated xenobiotic metabolism activity, increasing their ability to metabolize carbaryl (Oziolor et al., 2017) . As human activities continue to encroach upon natural systems, considering the role of plasticity in allowing wild populations to respond to rapidly changing conditions and identifying the mechanisms driving these rapid plastic responses has broad conservation implications.
Previous studies have demonstrated that exposure to sublethal concentrations of pesticides early in development can lead to induced tolerance to pesticides later in life (Hua et al., 2015; Poupardin et al., 2008) . However, it is not known whether resource availability alters the ability for organisms to induce tolerance to pesticides. Similar to baseline tolerance, we predicted that individuals reared in high resource environments would also be more likely to induce tolerance to carbaryl compared to individuals reared in low resource environments (Barry et al., 1995; . However, in our study, individuals reared in high resource environments that were also exposed to a sublethal concentration of carbaryl early in life did not induce increased tolerance.
Past studies demonstrate that there is a physiological upper limit of D. pulex tolerance to AChE-inhibiting insecticides at >50% inhibition of AChE (Barata et al., 2004) . Thus, one possibility for why we did not detect induced tolerance is that D. pulex in the high resource treatment were already at the upper limit of carbaryl tolerance. likely had no effect on algal densities of S. acutus. Indeed, previous research observed no effect of carbaryl at 0.2 and 0.5 mg/L toward Scenedesmus quadricauada and Scenedesmus obliquus, respectively (Ma et al., 2006) , suggesting our resource levels remained constant throughout Phase 1 of our study. As modern agricultural practices continue to introduce synthetic pesticides and nutrient-rich fertilizers into aquatic systems, consideration of how altered resource availability limits or facilitates pesticide tolerance is necessary. (Stone et al., 2014) . Thus, organisms can rapidly become tolerant to contaminants and overlooking the potential for inducible tolerance may lead to inaccurate assessments of chemical toxicity.
Additionally, pre-exposure to one toxicant could also trigger higher or lower tolerance toward another toxicant later in life (Ashauer, O'Connor, & Escher, 2017) . Therefore, future studies should consider whether and how plasticity to pesticides could influence toxicity assays and ultimately the risk assessment process.
Finally, the ability to rapidly respond to pesticides via plasticity may also have broad ecological implications as D. pulex contribute major functions to aquatic communities including nutrient cycling and acting as consumers and prey (Boone & James, 2003; Fleeger, Carman, & Nisbet, 2003; Hanazato, 1998 Hanazato, , 2001 Relyea & Diecks, 2008; Rohr & Crumrine, 2005) . Pesticides and excess fertilizer runoff can indirectly initiate harmful algal blooms that have negative cascading effects on pond communities (Boone & James, 2003; Fleeger et al., 2003; Relyea & Diecks, 2008; Rissman & Carpenter, 2015; Rohr & Crumrine, 2005) . Consumers of phytoplankton, such as D. pulex, are important consumers that can help to limit negative community effects of algal blooms initiated by pesticide contamination and cultural eutrophication. Therefore, the ability to induce tolerance not only allows D. pulex to persist when faced with pesticides but it may also protect pond communities from the negative effects of pesticides by limiting the negative effects of algal blooms (Bendis & Relyea, 2016) . Thus, future studies should consider how inducible tolerance to pesticides influence community interactions.
While we believe this study yields important and novel insight into the occurrence of inducible tolerance in Daphnia, it is important to note that it was conducted on a single clone (genotype) of laboratory D. pulex, and thus our ability to generalize is limited. One limitation of using a single genotype is that we are unable to predict how widespread this phenomenon is. Other studies have demonstrated that there is variation in both pesticide tolerance and associated responses to resource limitation across Daphnia genotypes Pereira, Mendes, & Gonçalves, 2007) ; therefore, incorporating genetic variation into future studies should be a priority. Additionally, there may be limitations given that we used a laboratory strain of D. pulex rather than a strain collected from the field. Previous research has shown that Daphnia require only three generations to remove any variation due to environmental effects (Bendis & Relyea, 2014) . Because our cultures were raised in a stock center, and later raised for four generations in our laboratory, it is likely that there were no remaining environmental or maternal effects related to historical pesticide exposure. 
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